Ionophore-based liquid-membrane ion-selective electrodes (ISEs), because of their versatility and low cost, are becoming widely used for many applications as electrochemical sensors. The selectivity of ISEs is governed by specific receptors, immobilized in an organic membrane, which are responsible for the molecular recognition of the analyte at the aqueous/organic interface.
The strong need for the selective determination of Pb 2+ in environment monitoring, food technology and clinical analysis still stimulates research that seeks suitable ionophore designs which would allow one to improve the selectivity and detection limits.
Several types of ionophores including thiacrown ethers, 4,5 methoxy-substituted arylenevinylene derivatives, 6 ,7 diazacrown ethers, 8 calixarene phosphine oxide, 9 macrocyclic amides, 10 oxamides, acyclic dithiocarbamates, 11, 12 were used for detection of lead(II) ions. Here we report on a sensing system involving oligocarbazoles ( Fig. 1 ) that, to our knowledge, have been applied for the first time as Pb 2+ -selective ionophores in ISEs. Carbazoles and oligocarbazoles are compounds whose syntheses, molecular and photorefractive properties, and also electrochemical behavior are still being studied. [13] [14] [15] In view of their unique optical and electrical properties, carbazole derivatives have found applications in polymer films for the construction of biosensors. [16] [17] [18] Considerable effort is currently invested in the improvement of the selectivity and detection limits of ISEs. [19] [20] [21] [22] The success within this research area and the possibilities of miniaturized sensors based on ion-selective liquid membranes [23] [24] [25] make potentiometric sensors a promising alternative for other analytical methods and justify the requirements to design new, selective ionophores. In this context, oligocarbazoles derivatives, studied as a new class of ionophores for potentiometric determination of lead ions in water samples, is the main objective of the research presented. 
Experimental

Reagents
The chemical structures of the oligocarbazoles used as sensory elements of the liquid membrane electrodes are shown in Fig. 1 . They were synthesized according to procedures already published.
13
Potassium tetrakis(4-chlorophenyl)borate (KTpClPB) and 2-nitrophenyl octyl ether (o-NPOE) were obtained from Dojindo Laboratories (Kumamoto, Japan). Dioctyl phthalate (DOP) was purchased from Aldrich Chemie (Germany). Poly(vinyl chloride) (PVC, high molecular weight) was a product of Fluka Chemie (Switzerland). Tetrahydrofuran (THF) was obtained from POCH (Gliwice, Poland) and was distilled from solid NaOH just before use. All other acids and salts were of the highest commercially available grade and were used without further purification. Aqueous solutions were prepared with freshly deionized water (18.2 MΩ cm resistivity) obtained with a Simplicity ® 185 Water System (Millipore, Molsheim, France).
Membrane and electrode preparation
Polymeric liquid membranes were prepared according to the standard procedure. Each membrane contained: 1 wt% of one of the ionophores (1 -6), 66% plasticizer (DOP or o-NPOE), 33 wt% PVC and 1 mol% vs. ionophore of lipophilic salt (KTpClPB). All the components were dissolved in ca. 2 ml of freshly distilled THF. The resulting solution was placed into a glass ring (30 mm diameter) for 48 h to allow the evaporation of THF. Circles of 6 mm diameter were cut and mounted on a liquid membrane-type Philips ISE body (Glasbläserei Möller, Zürich, Switzerland). The electrodes were conditioned for 24 h in an aqueous solution of 10 -3 M Pb(NO3)2.
The cell assembly for the potential measurements was as follows:
Potentiometric measurements were performed at room temperature (ca. 20˚C) with a 16-electrode EMF Lawson pH-meter (USA).
The reference electrode was a double junction Ag/AgCl electrode type Philips. The effect of the pH on the membrane potential was measured by the addition of a 1.0 × 10 -1 M H3PO4 solution, containing 1.0 × 10 -2 M NaH2PO4, to a solution of 1.0 × 10 -2 M NaOH. Potentiometric selectivity coefficients (K A,B MPM ) were determined by the matched potential method (MPM) in mixed solution. [26] [27] [28] 
Spectroscopic measurements
The complex formation of ligand 3 with Pb 2+ was observed with a spectrophotometer UV mini-1240 (Shimadzu, Kyoto, Japan). Thin films of polymeric membranes of the same composition as was used for potentiometric measurements were deposited on glass slides (50 mm × 8 mm × 1 mm) according to the method already described. 29, 30 The glass slides covered with thin films of polymeric membranes then placed into a quartz cuvette containing 2.0 ml of milli-Q water. The concentration of Pb 2+ was changed by adding a stock solution of 1.0 M Pb(NO3)2.
After an exposure period of: 5, 10, 30, or 60 min, the absorption spectra of the oligocarbazole thin film in the presence of the lead nitrate solution were recorded from 200 nm till 320 nm. The quartz cuvette containing a glass slide dipped in the solution with the same lead(II) concentration was used as the reference cell.
Results and Discussion
Potential-pH profiles of membranes based on oligocarbazoles
The affinity of ionophores towards protons is a very important parameter that influences the ISEs selectivity values and pH the conditions of the sample solution.
The affinity of oligocarbazoles to H + ions was checked by us experimentally. No liquid membrane electrodes containing the oligocarbazoles under study demonstrated any responses towards protons. Representative results obtained for ISE incorporated with ligand 6 are displayed in Fig. 2 .
Within the pH range from 3.2 to 9.0, where no potential changes were observed, the H + ions did not interfere. Therefore, these membranes can be applied to Pb 2+ determination in natural samples of water without using pH buffers.
Potentiometric responses of oligocarbazole-containing ISEs towards Pb 2+
Figures 3A and 3B present curves showing the relationship between potential changes of ISEs containing a particular oligocarbazole (1 -6) and the activity changes of Pb 2+ . Among them, the electrodes containing ligands 5 and 6 present curves having a slope very close to the Nernstian response, a good linear range and the best detection limits of 1.1 × 10 -7 M and 1.0 × 10 -7 M, respectively. Electrodes incorporating ligands 1 and 2 demonstrated an over-Nerstian response (43 -45 mV/log C) ( Table 1 ). This suggests that both species: Pb 2+ and PbOH + , which are present in the aqueous solution of Pb(NO3)2 under experimental conditions, contribute to the EMF response. 6 A weaker response towards Pb 2+ was observed in the case of the electrode incorporating ligand 3, which has no phenyl substitution at the nitrogen atom. The electrodes containing ligand 4, which possesses only two nitrogen atoms in its structure, demonstrated the lowest potentiometric response towards Pb The results show that a higher number of nitrogen atoms present in the oligocarbazole structure, and also the presence of phenyl substituents, give rise to a higher Pb 2+ sensitivity. In the N-arylated carbazole derivatives, there is a strong steric hindrance between the hydrogen atoms on the carbazole (1-and 8-position) and phenyl (2-and 6-position) rings. As a result, rotation of the phenyl ring occurs around the C-N bond, leading to a non-planar conformation. 15 Also, it has been already confirmed that N-aryl substitution of carbazoles clearly increases the total electron density. 14 This might be the reason of the higher affinity of N-arylated oligocarbazoles towards Pb 2+ . Therefore, ISEs incorporated with such oligocarbazoles demonstrated higher potentiometric responses towards Pb 2+ .
One of the very important parameters to characterize ISEs is the response time. with the increase of the Pb 2+ concentration. The potential increased very fast after each addition of the stock solution of Pb(NO3)2, and became stable within ca. 30 s.
Potentiometric selectivity of ISEs incorporating oligocarbazoles
To estimate the interference of common monovalent and divalent cations on the Pb 2+ determination by ISEs incorporating the new ligands, researchers determined the selectivity coefficients by the matched potential method. [26] [27] [28] This method is suitable for the selectivity coefficient determination when the target and interfering ions have a different charge. Also, this method does not depend on the Nicolsky-Eisenmann equation, because the potentiometric selectivity coefficient is defined as the activity ratio of primary and interfering ions that give the same potential change under identical conditions. Two solutions of Pb(NO3)2: 1.0 × 10 -3 and 1.0 × 10 -5 M, were used as the background. For the calculation ∆EMF = 2.0 mV was used. This parameter has been selected in order to compare the selectivity coefficients measured for Pb 2+ -ISEs incorporated with different ionophores, which have been determined with using ∆EMF = 2.0 mV. [4] [5] [6] [7] Measurements were performed using the nitrate salts of interfering cations in the wastewater samples. Results showed (Table 2) that the cations studied caused low interference on the Pb 2+ potential response determined by oligocarbazole-ISEs. When measurements were performed using 1.0 × 10 -3 M Pb(NO3)2 as the background solutions, in some cases when the concentrations of interfering salts were higher than 3.0 × 10 -3 M, anionic potentiometric responses occurred.
From the results collected in Tables 1 and 2 , one might conclude that a possible application emerged for electrodes incorporating ligands 5 and 6. They demonstrated the lowest detection limits: 1.1 × 10 -7 and 1.0 × 10 -7 , respectively. This parameter is better if one compares the detection limits of Pb 2+ selective electrodes studied previously in our laboratory. [4] [5] [6] [7] They showed the detection limit in the range 10 -6 M. Similar values were reported for other Pb 2+ -ISEs incorporated with different ionophores: such as crown ethers, 31 dioxadicarboxylic amides, 32 or calixarene phosphine oxide derivatives. 9 Therefore, oligocarbazoles which demonstrated the detection limit 1.0 ×10 -7 M might be included into the class of ionophores that are suitable for Pb 2+ -selective ISEs.
The recovery test using electrodes incorporating ligands 5 and 6 was successfully performed by the determination of the amount of lead ions added to the effluent from a wastewater treatment plant. The pH of the water sample was adjusted to 4.0 by HNO3. The presence of wastewater slightly decreases the sensitivity and the dynamic range. This phenomenon has been observed in the case of Pb-ISEs incorporated with thiacrown ethers 4, 5 as well as with arylenevinylene derivatives. 6, 7 The recovery values of 107.2 -108.0% were obtained for determination of 69.5 µM Pb 2+ added. Lower values of recovery, 89.7 -90.6%, were obtained for the determination of a higher amount of lead (267.6 µM).
Spectroscopic measurements
In order to confirm the complexation possibilities of the oligocarbazoles studied towards lead ions, an UV-VIS spectroscopic experiment was performed. This technique has been already applied for the study of the changes of the organic-PVC membrane composition upon equilibration with the aqueous solution of analytes. 29, 30 The polymeric membrane, with the composition identical to that used for the potentiometric measurements, was deposited onto a clean glass slide. After THF evaporation, the glass slide was put into a quartz cuvette and dipped into 2.0 ml of milli-Q water. After conditioning, the concentration of Pb 2+ ions was changed by the addition of a stock aqueous solution of 1.0 × 10 -1 M Pb(NO3)2. No difference was observed between the spectra recorded after 5, 10, 30, or 60 min of exposure. Upon increasing the concentration of Pb 2+ ions, the absorbance at 226 nm, characteristic for oligocarbazole decreased and was shifted towards the red (Fig. 5 ). This suggests that the complex oligocarbazole-Pb 2+ was formed in the membrane phase.
In the complex formation, the electron rich carbazole moiety as well as the phenyl rings might be involved. 14, 15 However, the conformation of this complex is still to be explored. The results obtained by spectroscopic measurements correlate well with the potentiometric responses of the oligocarbazole membranes. In both methods, an equilibrium between ligands and Pb 2+ was observed in a very short time.
Conclusions
Oligocarbazoles demonstrated good properties as ionophores in lead(II)-sensitive liquid membrane electrodes. All of them are free of interference from other cations, including protons. The best among them, the electrodes incorporated with ligands 5 and 6, are characterized by a wide dynamic range (1.0 × 10 -7 -1.0 × 10 -2 M), a low detection limit (1.0 × 10 -7 M) and a very fast response time (30 s).
These electrodes are might be recommended for the direct potentiometric determination of lead(II) ions in water samples. Efforts to lower the detection limit of oligocarbazole-ISEs and explorations of the mechanism of the potentiometric signal generation in the presence of lead(II) ions are continuing in our laboratory.
